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Abstract

Knowledge about the changes in soil organic carbon (SOC) stocks and grain yields under different tillage and straw management

is necessary to assess the feasibility and sustainability of conservation agriculture. An 8-year experiment was conducted in an

intensive wheat (Triticum aestivum L.)–maize (Zea mays L.) rotation system in the southern Loess Plateau of China. Three

tillage methods [control with no-tillage and straw removal (CK), no-tillage with straw stubbles 30–40 cm in height (NT), and

rotary tillage with straw incorporation (RT)] were applied before maize planting, and two straw treatments [straw return (SR)

and no straw return (SR0)] were applied after maize harvest. Thus, the treatments included CK-SR, CK-SR0, NT-SR, NT-SR0,

RT-SR, and RT-SR0. Over 8 years, the SOC stock exhibited similar dynamic trends in all treatments, but was higher in NT,

RT, and SR plots than in CK-SR0 plots. Compared with the initial soil, the SOC stock increased largest (34.1%) in NT-SR.

Compared with the CK-SR0, the NT-SR, RT-SR, CK-SR, NT-SR0 and RT-SR0 increased the wheat grain yield by 47.2%,

36.8%, 24.9%, 25.1%, and 20.0%, respectively. The NT, RT and SR increased crop yield stability with the highest sustainable

yield index in NT-SR for both wheat (0.67) and maize (0.70). This study showed the NT-SR was the best strategy for improving

SOC stocks, grain yields and agricultural sustainability for the wheat-maize rotation system in northwestern China and other

areas with similar climates and cropping systems.
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Combined no-tillage and straw return increases SOC and crop yields
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Abstract

Knowledge about the changes in soil organic carbon (SOC) stocks and grain yields under different tillage
and straw management is necessary to assess the feasibility and sustainability of conservation agriculture.
An 8-year experiment was conducted in an intensive wheat (Triticum aestivum L.)–maize (Zea mays L.)
rotation system in the southern Loess Plateau of China. Three tillage methods [control with no-tillage and
straw removal (CK), no-tillage with straw stubbles 30–40 cm in height (NT), and rotary tillage with straw
incorporation (RT)] were applied before maize planting, and two straw treatments [straw return (SR) and
no straw return (SR0)] were applied after maize harvest. Thus, the treatments included CK-SR, CK-SR0,
NT-SR, NT-SR0, RT-SR, and RT-SR0. Over 8 years, the SOC stock exhibited similar dynamic trends in
all treatments, but was higher in NT, RT, and SR plots than in CK-SR0 plots. Compared with the initial
soil, the SOC stock increased largest (34.1%) in NT-SR. Compared with the CK-SR0, the NT-SR, RT-SR,
CK-SR, NT-SR0 and RT-SR0 increased the wheat grain yield by 47.2%, 36.8%, 24.9%, 25.1%, and 20.0%,
respectively. The NT, RT and SR increased crop yield stability with the highest sustainable yield index in
NT-SR for both wheat (0.67) and maize (0.70). This study showed the NT-SR was the best strategy for
improving SOC stocks, grain yields and agricultural sustainability for the wheat-maize rotation system in
northwestern China and other areas with similar climates and cropping systems.

KEYWORDS

Wheat-maize rotation,Straw return,No-tillage, Soil organic carbon, Agricultural sustainability

1 | INTRODUCTION

Soil degradationis a major impediment to global crop productionandimproper management in arable land is
the main driver of land degradation (Ye&Van Ranst, 2011;Sampietro et al., 2018; Lorenz et al., 2019). With
drier climates and increasing pressure on resources, land degradation has become a major issue that continues
to negatively affect human and natural ecosystems in some parts of the world (Guillaume et al., 2016; Djuma
et al., 2020).Continuing degradation in arable soils results indeclines insoil organic carbon(SOC) stocks, crop
productivity, and ecosystem service values of increasing agricultural systems (Ma et al., 2020;Raimondo et
al., 2020). TheSOCdepletion is also acknowledged as a major source of greenhouse gas emissions, resulting
further in losses of soil fertility and ecosystem stability (Amundson et al., 2015; Rüegget al., 2019).Even
small changes inthe SOC caused by anthropogenic disturbance in terrestrial ecosystems can profoundly af-
fect the atmospheric C dioxide(CO2)and thus get feedback to climate changes (Sayer et al., 2011). In recent
years, increasingattentionshave been paid to SOC sequestration by optimizing appropriate crop rotation,
integrated soil fertility management, and conservation tillage including crop residue management in agri-
cultural ecosystems (Xia et al., 2018; Gonçalves et al., 2019; Berhane et al., 2020;Ryan et al., 2020; Sun et
al., 2020).Therefore, understanding the SOC dynamics and the role that the soil plays in sequestering more
atmospheric CO2into soils are of incredible concern due to their great potential for both climate change
mitigation and agricultural sustainability (Zhao et al., 2018a; Feng et al., 2020).

With a straw yield of 703.3 million tons (Mt) in 2014, and an average annual straw increase of 4% over
the decades, China has become one of the most abundant countries in terms of straw resources (Hong et
al., 2016; Yin et al., 2018). However, the agricultural soils in China have a relatively low SOC level due
to the long cultivation history, highly intensive field management, and lower straw-return rates caused by
large amounts of straw used as fuel and animal feeds or were burnt in fields (Zhao et al., 2018a;Hou et
al., 2019; Berhane et al., 2020). Since crop residue contains large amounts of nitrogen (N), phosphorus (P),
and potassium (K), adopting straw-return management practices in farmland facilitates the maintenance of
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soil nutrient balance and soil quality, and boosts the sustainability of agricultural production (Yin et al.,
2018; Guan et al., 2020). As the largest producer and consumer of mineral fertilizers, China has consumed
approximately 35% of the global mineral fertilizers for agricultural production (Sun et al., 2012; Yin et al.,
2018). The application of mineral fertilizers with low levels of straw-return generally enhances grain yields in
the short term, but exacerbates soil organic matter (SOM) depletion, deteriorates soil nutrient availability,
resulting in the decline of agricultural sustainability in the long term (Gaffney et al., 2019). Conversely,
straw return significantly enhanced SOC contents (14.9%) and crop yields (5.1%) with the same amounts of
mineral-N applied in comparison with straw removal in global agro-ecosystems (Xia et al., 2018). Likewise,
Zhao et al. (2018a) have reported an increase of 140 kg C ha-1yr-1 SOC stock from 1980 to 2011 in China’s
croplands (0-20 cm), and that approximately 40% of the incremental increase could be accounted for by
straw return. However, it remains uncertainty that how agricultural soils respond to straw return (Liu et al.,
2014; Berhane et al., 2020). For instance, Liu et al. (2014) reported that SOC sequestration was enhanced
under straw return during the first 3 years, but afterwards that effect gradually decreased over time. Some
studies have also reported that the effects of straw return may be negligible or negative (Garcia-Orenes et
al., 2009; Wang et al., 2011). The distinctions might be due to various ecological conditions, soil conditions,
methods of disposing straw, straw-returned rate, and experimental duration (Liu et al., 2014).

Straw incorporation through conventional tillage, such as plowing tillage and rotary tillage, is a common
and effective field management practice with a strong influence on soil fertility, soil physical and biological
properties and crop yields (Yu et al., 2017; Liu et al., 2021). On the one hand, frequent adoption of
conventional tillage destroys soil structural stability, decreases the water holding capacity of soils, worsens
the biological characteristics, and nutrient reserve and supply (Wang et al., 2011; Xu et al., 2019; Nouri et
al., 2019). However, increasing evidences from manipulative experiments (Zhao et al., 2019a; Li et al., 2019)
and meta-analyses (Zhao et al., 2019b; Jat et al., 2020) have showed that adopting conservation agriculture
(CA) could improve soil quality and agricultural sustainability. The CA mainly consists of various reduced
and even no-tillage techniques with more than 30% of crop residue retained on soil surface, providing effective
strategies for combating soil degradation (Liu et al., 2020). It has been reported that SOC contents of topsoil
increased with years under CA for its superiority on the protection of soil structure and reduced rates of soil
degradation (Somasundaram et al., 2017; Reeves et al., 2019). The effects of CA on grain yields are highly
variable, varying from increase (Liu et al., 2018; Peng et al., 2020), neutral (Zhang et al., 2018) to decrease
(Pittelkow et al., 2015; Fiorini et al., 2020).

The intensive wheat (Triticum aestivum L.)-maize (Zea mays L.) double cropping systemis the major agri-
cultural practice in the southern Loess Plateau of northwest China (Deng et al., 2006; Liu et al., 2017). The
growth periods for wheat from mid-October to early June of next year, and for maize were from mid-June to
early October. The high intensity with short time interval between wheat and maize growth periods in this
agricultural system have been widely reported (Li et al., 2019). To achieve high grain yields, the excessive
uses of mineral fertilizers and tillage, especially the plowing and rotary tillage, are indispensable (Yang et al.,
2017; Xu et al., 2019). Under favorable conditions of water and fertilizer, the intensive field managements
stimulate the degradation of plant residues and SOM, and thus result in SOC loss (Liu et al., 2014; Guan
et al., 2020). For a long time, straw burning was adopted by farmers after crop harvest, which did not only
lead to a waste of biomass resources, but also gave rise to an excessive emissions of greenhouse gases, and
even left these regions in a thick haze (Hou et al., 2019; Li et al., 2019). As such, adopting sustainable,
cleaner field management practices (i.e., conservation tillage and straw return) is essential to promote SOC
sequestration and grain yields, thus attaining economic and environmental sustainability in grain production
(Zhao et al., 2018a).

Moreover, most studies relate to SOC sequestration and grain yields affected by both straw return and tillage
in the intensive wheat-maize system have focused on the period after maize harvest (Tian et al., 2016; Kan et
al., 2020), but did not consider the effects of both straw return and tillage management practices after wheat
harvest. Although long-term straw return is clearly an effective field management practice for sequestering
C in soils, and a linear relationship exists between SOC sequestration and grain yields (Liu et al., 2014;
Zhao et al., 2018a; Xu et al., 2019), there is a paucity of information on the effects of both no-tillage before
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maize planting and maize straw return on SOC sequestration and its relationship with grain yields and
yield stability in the intensive wheat-maize system. Therefore, the present study utilized a long-term field
experiment initiated in 2008 and aimed to examine the combined effects of no-tillage before maize planting
and maize straw return on SOC sequestration, grain yields, yield stability and agricultural sustainability.
The information obtained can be used to optimize both no-tillage and straw return management practices,
enhance crop production, and improve agricultural sustainability for the wheat-maize rotation system in dry
sub-humid areas of northwestern China and other areas with similar climates and cropping systems.

2 | MATERIALS AND METHODS

2.1 | Study site

The experimental site is located in the city of Sanyuan, Shaanxi province, in the southern Loess Plateau
(34deg36’N, 108deg52’E). This region has a sub-humid, warm-temperate continental monsoon climate with
a mean annual temperature and mean annual precipitationof12.9degC and 527 mm, respectively. The soil
is termed as Lou soil (manural loess soil) and classified as Eum-Orthic Anthrosol (Udic Haplustalf in the
USDA system). The basic soil properties (0–20 cm depth) are shown in Table 1.

2.2 | Experimental treatments and field management

This field experiment began in 2008. The site had a long history (> 40 year) of wheat and maize double
cropping rotation under the same managements before the study, and the typical rotation of wheat (cv.
Mianyang 26) and maize (cv. Nonghua 50) was also chosen for this study. A randomized complete block
design experiment using 12.5-m-wide and 56-m-long plots was managed over 8 years with four replicates.
Three tillage methods [control with no-tillage and straw removal (CK), no-tillage with straw stubbles 30–40
cm in height (NT), and rotary tillage with straw incorporation (RT)] were applied before maize planting,
and two straw treatments [straw return (SR) and no straw return (SR0)] were applied after maize harvest.
Thus, there were totally 24 plots with four replicates for each treatment(CK-SR, CK-SR0, NT-SR, NT-SR0,
RT-SR, and RT-SR0).Both wheat and maize were harvested using combine-harvesters.Wheat straw was
manually removed from the farmland in CK, but was remained with straw stubbles 30–40 cm in height in
NT, and was chopped into about 10 cm pieces and incorporated into the top 10 cm soil layer immediately
after harvest with ˜ 2-3 times of rotary tillage in RT. Maize straw was chopped into about 10 cm pieces and
incorporated into the top 20 cm soil layer immediately after harvest with ˜ 2-3 times of rotary tillage in SR,
and was manually removed from theSR0 plots.

The wheat was sown at a rate of 210–225 kg ha-1yr-1 with a row spacing of 15 cm, and the maize was
planted at a density of approximately 63,000 plants ha-1 yr-1 with a row and plant spacing of 60 and 25
cm, respectively. The basal fertilization rates were 120 kg N ha-1 yr-1 and 102 kg P2O5ha-1yr-1for wheat
production, and were 67.5 kg N ha-1 yr-1 and 22.5 kg P2O5 ha-1yr-1for maize production, respectively. A
rate of 120 kg N ha-1 yr-1 was also applied at the tasseling stage of maize. Urea and diammonium phosphate
provided the required N and P2O5 in all treatments. Before sowing wheat, ˜ 2-3 times of rotary tillage were
applied at a depth of 20 cm in all the plots for the convenience of wheat seeding. Irrigation and pesticide
management practices were in keeping with local agronomic practices.

2.3 | Soil sampling and analysis

After maize harvest, twelve soil samples were randomly collected from the topsoil layer (0–20 cm) in each plot
in October every year. The fresh soil samples from each plot were mixed as a composite sample, air-dried,
finely ground, and sieved to pass through a 0.15 mm mesh. The SOC was determined using K2Cr2O7–
H2SO4digestion method (Bao, 2000), and the measurement of SOC stocks was based on a constant soil mass
(Xu et al., 2019).

2.4 |Biomass sampling and analysis

The aboveground biomass including grain, straw, and stubble, were recorded from 2008 through 2016. At
maturity, biomass samples of wheat and maize were manually collected in the center of each plot from two
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separate 10-m2 areas (2 rows x 10 m) for maize, and from two separate 2-m2 areas (1 m x 2 m) for wheat,
respectively. After air-drying, portions of biomass samples were oven-dried at 65 for biomass determination.

The root biomass of wheat and maize were estimated by 22% and 23% of aboveground biomass, respectively
(Kong et al., 2005). The plant-derived C content was 40% of both wheat and maize (Johnson et al., 2006).

Grain yield stability of wheat and maize was calculated for the treatments by the yield variability(YV%, Xu
et al., 2019):

Y V =
Ystd

Ym
(1)\n

The sustainable yield index (SYI) of wheat and maize was evaluated for the treatments accounting for all
the 8-years’ grain yields (Ghosh et al., 2012):

SY I =
Ym − Y std

Ymax
(2)\n

2.5 | Statistical analysis

Data were subjected to analysis of variance (ANOVA) using the windows-based SPSS program (SPSS
v19.0).The impacts of tillage management, straw management, and annual variation on SOC contents,
wheat grain yields, and maize grain yields were tested using three-way ANOVAs. The effects of tillage
and straw managements on plant-derived biomass and carbon, SOC stock, yield variations of both wheat
and maize, and sustainable yield index of both wheat and maize were analyzed using two-way ANOVAs.
Multiple comparisons were made for determining significant effects of treatments using the least significant
difference (LSD) test with P < 0.05. Simple correlation coefficients and regression equations were developed
to evaluate the relationships between grain yields and SOC stocks.

3 | RESULTS

3.1 |Carbon inputs

Compared with the CK, the accumulative input of plant-derived biomass was significantly enhanced by 72.1%
and 61.6% under NT and RT, respectively (Fig. 1a; Table S1; bothP < 0.001). Straw return increased the
accumulative input of plant-derived biomass by 90.3% under SR relative to the SR0 (P < 0.001). No-tillage
interacted with straw return to influence the accumulative input of plant-derived biomass (P < 0.001).
Compared with the CK, the NT and RT increased the accumulative input of plant-derived biomass by
57.5% and 46.4%, respectively, in SR plots, while increased it by 106.8% and 97.1%, respectively, in SR0
plots (all P < 0.01). Compared with the SR0, the SR promoted the accumulative input of plant-derived
biomass by 80.7%, 76.5%, and 137.3% in NT, RT, and CK plots, respectively (all P < 0.001). Compared
with the CK-SR0, the accumulative input of plant-derived biomass in RT-SR0, NT-SR0, CK-SR, RT-SR,
and NT-SR gradually increased significantly by 97.1%, 106.8%, 137.3%, 247.8%, and 273.7%, respectively
(allP < 0.01).

The accumulative input of plant-derived C exhibited a trend that similar to those of the accumulative inputs
of plant-derived biomass (Fig. 1a). The higher inputs of plant-derived biomass resulted in higher inputs of
plant-derived C ranging from 22.7 Mg ha-1 in CK-SR0 to 84.8 Mg ha-1 in NT-SR. The total proportions of
plant-derived C inputs derived from stubble and root in CK-SR0 were 23.9% and 76.1%, respectively (Fig.
1b). In other treatments, the total proportions of plant-derived C inputs derived from straw, stubble, and
root were 41.0-63.0%, 9.0-14.2%, and 28.0-44.8%, respectively.

3.2 |Soil organic carbon contents and stocks

5
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Over the 8-yr study, the SOC contents showed similar dynamic changing trends in all treatments (Fig. 2a).
Compared with the CK, the NT and RT increased SOC contents by 7.4% and 5.5%, respectively (Fig. 2b;
Table 2; P < 0.001). The SOC content was 6.5% higher under SR than under SR0 (P < 0.001). However,
there were no interaction effects of tillage and straw managements on SOC contents (Table 2; P > 0.05).
The largest SOC contents were 13.15 g kg-1 (2015) in CK-SR, 12.25 g kg-1 (2012) in CK-SR0, 12.84 g
kg-1(2015) in RT-SR0, 13.65 kg-1 (2015) in RT-SR, 14.12 kg-1 (2016) in NT-SR, and 12.79 (2016) in NT-
SR0, respectively (Fig. 2a). The average SOC content in NT-SR was 2.7% and 8.0% higher than in RT-SR
and CK-SR, respectively. After the 8-yr study, SOC stock was enhanced by 10.5% and 9.6% under NT and
RT, respectively, relative to the CK, and was higher by 9.5% under SR than under SR0 (P < 0.01; Table
3 & S1). No interaction effects of tillage and straw managements existed on SOC contents (P > 0.05).
Soil organic C stocks increased by 34.1% in NT-SR, following by RT-SR (33.9%), CK-SR (22.3%), NT-SR0
(21.3%), RT-SR0 (20.8%), and CK-SR0 (9.1%) compared to initial SOC stock in 2008 (Table 3).

3.3 | Grain yields

Compared with CK, the NT and RT increased wheat grain yield by 21.1% and 14.2%, respectively (Fig. 2a;
Table 2; P < 0.001). Straw return increased wheat grain yields by 18.5% under SR relative to the SR0 (P <
0.001). Significant interactions between tillage and straw managements on wheat grain yields were detected
(P < 0.05).In SR plots, the NT and RT increased wheat grain yields by 17.9% and 9.5, respectively, relative
to the CK, while the increase of wheat grain yields in SR0 plots were up to 25.2% and 20.0% under NT and
RT, respectively (all P < 0.01). Compared with the SR0, the SR increased wheat grain yields by 14.0%,
17.6%, and 24.9% under RT, NT, and CK, respectively (allP < 0.01). Compared with the CK-SR0, wheat
grain yields significantly increased by 47.2%, 36.8%, 25.1%, 24.9%, and 20.0% in NT-SR, RT-SR, NT-SR0,
CK-SR, and RT-SR0, respectively (Fig. 2b; P < 0.01).

Similar trends existed for maize grain yields with wheat grain yields in different treatments (Fig. 3a˜d). In
most rotation cycle, grain yields of both wheat and maize in CK-SR were higher than in CK-SR0, except for
wheat grain yields in 2011. In 2011–2013 and 2015-2016, wheat grain yields decreased under all treatments,
but maize grain yields increased and then decreased substantially under all treatments. However, during
2013-2014, wheat grain yields increased substantially under all treatments. In 2012, all treatments reached
their highest maize grain yields: 9.21, 8.52, 8.18, 8.17, 7.91, and 7.53 Mg ha-1 in NT-SR, RT-SR, NT-SR0,
RT-SR0, CK-SR, and CK-SR0, respectively. However, the highest wheat grain yields of CK-SR0, NT-SR0
and RT-SR were 6.11, 7.40 and 8.21 Mg ha-1 in 2011, 6.97 and 7.18 Mg ha-1for RT-SR0 and CK-SR in 2014,
and 8.42 Mg ha-1 for NT-SR, respectively.

3.4 | Grain yield stability and sustainable yield index

The yield variations of wheat and maize were 25.1-28.6% and 13.8-18.6%, respectively (Fig. 4a). The
yield variation of wheat was significant reduced by 8.3% under SR than under SR0 (Fig. 4a; Table S1;P
< 0.01), while were not affected by tillage managements and its interaction with straw return (P > 0.05).
Compared with the CK, yield variation of maize was significant lower by 24.4% and 22.6% under NT and RT,
respectively (P < 0.01), while were not affected by straw return and its interaction with tillage managements
(P > 0.05).

The sustainable yield index for wheat and maize were 0.47˜0.67 and 0.53˜0.70, respectively (Fig.
4b).Compared with the CK, the sustainable yield index was 19.9% and 13.2% higher for wheat, and were
17.1% and 8.9% higher for maize under NT and RT, respectively (Fig. 4b; Table S1; P < 0.01). The
sustainable yield index of wheat and maize were 19.3% and 11.2% higher under SR than under SR0 (P <
0.01). No interactive effects of straw return and tillage managements on the sustainable yield index of both
wheat and maize were found. Compared with CK-SR, the sustainable yield index was increased by 16.7%
and 10.7% for wheat, and by 15.4% and 6.6% for maize in NT-SR and RT-SR, respectively. Those results
indicated that combining NT with SR can improve the sustainable yield index of both wheat and maize.

3.5 | Relationship between SOCstocks and grain yields

6
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Pearson correlation analysis for grain yields of both wheat and maize showed significant (P< 0.01) and
positive correlations with SOC stocks (Fig. 5).

4 | DISCUSSIONS

4.1 |Responses ofSOC stocks and grain yields to tillage

Results of the 8-yr study significantly enhanced SOC stocks under no-tillage with wheat straw stubbles
30–40 cm in height in the long term. This observation is consistent with the previous studies reporting
that long-term no-tillage increases SOC stocks when crop residue retained in fields (Somasundaram et al.,
2017; Gonçalves et al., 2019; Liu et al., 2020). In general, reduction of soil disturbance is one of main reason
underlying the enhanced potential of SOC sequestration under adopting conservation agriculture (Kan et
al., 2020; Sun et al., 2020). No-tillage with straw retention protects aggregate-associated SOC from microbial
attack, thus reducing SOC mineralization and increasing SOC stocks (Kan et al., 2020; Wang et al., 2020).

The 8-yr results revealed that no-tillage with wheat straw stubbles 30–40 cm in height increased grain yields
of both wheat and maize compared with those in CK and RT. Previous studies have also reported positive
responses of grain yields to no-tillage. For instance, Xu et al. (2019) and Peng et al. (2020) reported that
long-term no-tillage can achieve significant improvements in grain yield over conventional tillage. However,
numerous studies have reported that grain yields under no-tillage remained unchanged or even decreased
(Pittelkow et al., 2015; Fiorini et al., 2020). Zhang et al. (2018) also reported that on average 6.9% decrease
was observed in wheat yield under continuous no-tillage on a sandy loam soil in the North China Plain.
Yield improvement in the present study resulted mainly from large amounts of stored SOC in NT. Previous
studies have also demonstrated that no-tillage can enhance grain yields depending on many external factors,
such as soil type, soil fertility, crop rotation, irrigation condition, and meteorological factors (Boomsma et
al., 2010; Sun et al., 2020). Changes in site-specific characteristics and management as well as variations in
climate might account for variations in grain yields including the dramatic decline of wheat grain yields in
2013.

4.2 | Responses of SOCstocks and grain yields to long-term straw return

Many studies have shown that straw return is an environmentally friendly and effective strategy to stabilize
soil structure, improve soil fertility and sequester atmospheric CO2 into agricultural soils (Zhao et al., 2018b;
Guan et al., 2020; Xue et al., 2020). Our results indicate that long-term (8-yr) straw return significantly
enhanced SOC stocks compared with CK-SR0 or even SOC levels in 2008, where SOC improvement was
probably associated with the amount of plant-derived C inputs, as suggested previously (Liu et al., 2014;
Ghosh et al., 2012; Berhane et al., 2020). The SOC levels in NT-SR and RT-SR differed significantly from
those in CK-SR, NT-SR0, RT-SR0, and CK-SR0 in 2016, and SOC stocks increased as more plant-derived C
inputs increased (Li et al., 2016), thereby effectively mitigating SOC loss from agricultural ecosystems due to
intensive cropping and anthropogenic disturbance. In the present study, the SOC levels could be maintained
without straw retention. This could be due to the higher conversion efficiency of plant-derived C to SOC
from roots than straw (Ghafoor et al., 2017). Root-derived C inputs had been demonstrated as one of main
C source for SOC maintenance (Zhao et al., 2018a). High crop productivity implied greater plant-derived
C inputs, especially from belowground roots, thus resulting in additional C sequestration in agricultural
soils (Liu et al., 2014). However, results of Li et al. (2016) and Zhao et al. (2018b) showed that SOC levels
could not be maintained under straw removals of both wheat and maize in the same cropping system and
region. This discrepancy might be due to soil depth and experimental duration. Thus, the effect of roots’
persistence on SOC sequestration needs further confirmation and investigation to evaluate the efficiency of
C sequestration and on roots’ persistence for their contribution to SOC than straw under varied soil types,
soil depth, experimental duration and climate conditions (Sukhdev et al., 2011; Liu et al., 2014).

The results of our field experiment indicate that grain yields of both wheat and maize increased under straw
return compared with CK-SR0 and showed significant correlations with SOC stocks. Similar results were
reported by Xu et al. (2019) based on an 11-yr field experiment in the Northern China Plain (NCP). Karami
et al. (2012) and Wang et al. (2018) reported the positive effects of straw return on grain yields due mainly
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to improvements in the stability and strength of soil aggregates, the levels of soil nutrient and moisture,
the activities of soil enzyme, thus providing a favorable physical, chemical and biological soil environment.
However, a significant non-linear relationship was also reported between relative grain yields and topsoil
SOC stocks (Lal, 2009), indicating no additional benefit from SOC sequestration on grain yields when SOC
stocks have reached a critical value (Loveland and Webb, 2003; Krull et al., 2004). The positive correlation
between grain yields and SOC stocks in the present study suggested that SOC stocks have not yet reached
saturation and can be further enhanced by adopting appropriate field management practices.

4.3 |Responses of grain yield stability totillage and straw return

During the 8-yr periods, tillage systems significantly affected seasonal grain yields of both wheat and maize
(P < 0.01, Table 1), which significantly correlated with SOC stocks. The SOC increases in NT-SR highlighted
that the wheat-maize double cropping systemcan transform agricultural soils from net sources to net sinks
of atmospheric CO2 without reducing crop yields. Increased SOC stocks has potential positive feedback
effects on soil fertility, water retention, biological functions and productivity (Zhang et al., 2018; Zhao et al.,
2019a & b; Feng et al., 2020). However, more than 90% of plant-derived C under straw return could not be
sequestrated by soils (Fig. 1; Table 2; Li et al., 2019). Thus, the improvement in tillage and straw management
practices has improved grain yields in intensive wheat-maize double cropping system. Inter-annual variability
in temperature and precipitation contributed to the year-to-year variability in grain yields (Najafi et al.,
2019). Long-term field experiments provide valuable information regarding whether it is feasible to adopt
no-tillage and straw return with agricultural sustainability in an intensive cropping system and address the
challenges of achieving high grain yields economically and environmentally sustainable.

Yield variability was used as a negative measure of yield stability during the studied periods. Increasing
evidences from manipulative experiments (Boomsma et al., 2010; Zhang et al., 2018) and meta-analyses(
Huang et al., 2015; Sun et al., 2020) have documented that the response of grain yields to tillage and straw
management practices is quite variable. Due to the difficulty of characterizing the response of yield increase
and stability to SOC stocks, whether high SOC stocks can improve yield stability is still in doubt (Zhang et
al., 2016). The 8-yr results revealed that no-tillage with wheat straw stubbles 30–40 cm in height increased
yield stability of both wheat and maize under maize straw return, likely because both straw return and
no-tillage have increased SOC stocks. Soil organic C sequestration contributed to increasing and stabilizing
grain yields of both wheat and maize in NT and RT more than CK, and with SR than SR0 over the 8-yr
periods. However, higher SOC stock is not always accompanied by higher grain yield. Higher SOC stocks did
not result in higher wheat grain yields for all treatments in 2013 in comparison with those in other years (Fig.
2 & 3). Increasing SOC stocks in agricultural soils with adaption of NT-SR might nonetheless contribute
to improvements of both wheat and maize grain yields and reduce the uncertainty of grain production
in China, which is without doubt a matter of concern for the nation with the largest population in the
world (Zhang et al., 2016; Zhao et al., 2018). Higher SOC stocks and yield stability could result in higher
agricultural sustainability as indicated by higher sustainable yield index under adoption of no-tillage and/or
straw return compared with those under CK-SR0. Therefore, the above findings reinforce the importance of
adopting no-tillage and/or straw return, especially the combination of no-tillage with wheat straw stubbles
height of 30–40 cm and maize straw return (NT-SR), for increasing SOC stocks and sustaining grain yield
stability.

4 | CONCLUSIONS

This study supports that no-tillage and straw return are essential for improving SOC stocks, grain yields and
agricultural sustainability in the continuous wheat–maize cropping system in the southern Loess Plateau. Soil
organic C stocks increased in NT, RT and straw return plots than in CK-SR0 plots with the highest(21.8%)
in NT-SR. Straw return, NT, and RT increased grain yields of both wheat and maize, yield stability and
sustainable yield index. Combination of conservation tillage (e.g., NT, RT) and maize straw return can
substantially increase SOC stocks, yield stability and agricultural sustainability. Moreover, the combinations
of no-tillage with wheat straw stubbles 30–40 cm in height and maize straw return was an effective strategy
to obtain high SOC stocks, increase grain yields of both wheat and maize and resulted in the optimal
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agricultural sustainability.
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Krüger, I., Wang, R., Zeng, N., Tian, H., Vuichard, N., Jain, A.K., Wiltshire, A., Haverd, V., Goll, D.S.,
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Tables

Table 1 Soil physicochemical properties at 0–20 cm depth in 2008.

Soil properties Value

Sand (g kg-1) 271
Silt (g kg-1) 408
Clay (g kg-1) 321
Bulk density (g cm-3) 1.21
pH 8.20
Organic carbon (g kg-1) 11.32
Total nitrogen (g kg-1) 1.17
Total phosphorus (g kg-1) 0.85
Total potassium (g kg-1) 29.43
Available nitrogen (mg kg-1) 19.37
Available phosphorus (mg kg-1) 48.60
Available potassium (mg kg-1) 253.34

Table 2 Results (F -values) of two-way ANOVAs on the effects of tillage and straw management practices
as well as their interactions on soil organic carbon (SOC), and grain yields of both wheat and maize between
2008 and 2016.
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SOC Wheat grain yields Maize grain yields

T 68.32*** 130.47*** 145.30***

S 149.82*** 301.65*** 181.94***

T×S 1.55 3.77* 2.18
Y 68.27*** 370.23*** 211.60***

Y×T 2.78** 3.86*** 6.14***

Y×S 2.27* 7.03*** 8.06***

Y×T×S 1.00 5.09*** 2.93**

T, tillage management; S, straw management; Y, year. F -values and significance level with factors of straw
management (df = 1), tillage management (df = 2) and year (df = 7). *p < 0.05, **p < 0.01, ***p <
0.001.

Table 3 The changes in the mean of soil organic carbon stock between 2008 and 2016.

Treatment Treatment SOC (Mg ha-1) SOC (Mg ha-1) SOC (Mg ha-1)

Tillage Straw 2008 2016 Difference
NT SR 27.30 a 36.60 a 9.30 a
RT SR 26.92 a 36.06 ab 9.14 a
CK SR 27.71 a 33.91 b 6.19 b
NT SR0 27.83 a 33.76 b 5.94 b
RT SR0 27.96 a 33.76 b 5.80 b
CK SR0 27.30 a 29.78 c 2.48 c

CK, control with no-tillage and straw removal before maize planting; NT, no-tillage with straw stubbles
30–40 cm in height before maize planting; RT, rotary tillage with straw incorporation before maize planting;
SR, straw return after maize harvest; SR0, no straw return after maize harvest. Values followed by different
lowercase letters within the same column indicate significant difference at P < 0.05.

Figure caption

Fig. 1. Accumulative plant-derived biomass and C affected by different tillage and straw management
practices during 8 years. CK, control with no-tillage and straw removal before maize planting; NT, no-tillage
with straw stubbles 30–40 cm in height before maize planting; RT, rotary tillage with straw incorporation
before maize planting; SR, straw return after maize harvest; SR0, no straw return after maize harvest.
Different letters on the bar indicate significant different at the 5% level. The same below.

Fig.2. Change in soil organic carbon (SOC, 0–20 cm, a) and the corresponding mean value (b) of different
treatments during 8 years.

Fig.3. Changes in wheat (a, b) and maize (c, d) grain yields in different treatments during 8 yr.

Fig.4. Yield variation (%, a) and sustainable yield index (b) of wheat and maize for different treatments
during 2009-2016.

Fig. 5. Relationship between grain yields and soil organic carbon (SOC) stocks in the 0–20 cm soil layer
under different treatments.

Fig. 1.

Hosted file
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Supplementary Materials

Table S1 Results (F -values) of two-way ANOVAs on the effects of tillage and straw management practices
as well as their interactions on plant-derived biomass (Plant-B), plant-derived carbon (Plant-C), soil organic
carbon stock (SOC stock), yield variations of wheat (YVw), yield variations of maize (YVm), sustainable
yield index of wheat (SYIw), and sustainable yield index of maize (SYIm).

Plant-B Plant-C SOC stock YVw YVm SYIw SYIm

S 15460.4*** 15460.4*** 23.75*** 10.20*** 0.01 334.68*** 160.43***
T 3867.2*** 3867.2*** 11.44*** 1.24 12.99*** 119.65*** 117.50***
S×T 49.0*** 49.0*** 0.74 1.25 1.40 0.75 1.32

S, straw management; T, tillage management. F -values and significance level with factors of straw man-
agement (df = 1) and tillage management (df = 2). ***p < 0.001.
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